Abstract: This paper describes the preparation of a chiral stationary phase based on a 2-hydroxypropyl-β-cyclodextrin polymer coated on porous silica. This method requires first the synthesis of a water-soluble cyclodextrin polymer carried out by the polycondensation of 2-hydroxypropyl-β-cyclodextrin with epichlorohydrin under controlled conditions. In the second step, the obtained copolymer was immobilised onto the porous silica surface by physisorption. The macromolecular features of the copolymer were investigated by size exclusion chromatography coupled with a multiple angle laser-light scattering detector. The evolution of the structural parameters of the modified silica beads (specific surface area and pore size distribution) was determined using a nitrogen adsorption method. The enantio-separation capability of the coated silica phase was evaluated for different polycyclic molecules. It was found that the enantioselectivity was strongly influenced by the geometry and shape of the solutes under study and the presence of an acidic modifier in the mobile phase.
Introduction
Cyclodextrins (CDs), consisting of six to eight α-(1,4)-linked D(+)-glucopyranose units, are well known for their ability to form inclusion complexes with a wide variety of compounds, ranging from non-polar hydrocarbons to polar carboxylic acids and amines. They are called α-, β-and γ-CD, respectively. Since CD molecules are chiral, they can form diastereoisomeric complexes with each enantiomer of optically active compounds. The difference of the stability of these inclusion complexes, that is governed by many factors such as hydrogen bonding, hydrophobic interactions, solvation effects as well as the ability of the guest molecule to fit the CD cavity, constitutes the basis for the use of CDs in various separation techniques. Most of the chiral stationary phases based on CDs and CD derivatives are prepared by covalent linkage of CD moieties to silica using different spacers. Typically, spacers containing nitrogen and/or oxygen atoms were used. Fujimura et al. reported the first example of 1 covalent bonding of α-and β-CD to silica gel through the condensation of p-tosylated CD derivatives to monoamino and diamino functionalised silica [1] . However the lifetime was limited because of the hydrolysis of the amine linkage in aqueous media. Kawaguchi also notified the weak stability of CD bonded silica gel using the amide linkage [2] . Moreover, the presence of heteroatoms in the linkage spacer usually led to a weak enantioselectivity because of non-specific interactions. Armstrong et al.
reported the preparation and characterisation of silica beads bonded with CD via non-nitrogen or sulfur linkages. The supports so obtained were able to discriminate a series of dansylamino acids and barbiturates [3, 4] . The major disadvantage of these chemically bonded CD stationary phases is their poor mass transfer leading to a weak efficiency. This problem can be overcome by the use of the coating technique.
The presence of silanol groups on the silica surface can lead to very strong interactions that result in the case of macromolecules containing polar groups in an irreversible adsorption. The stationary phases obtained by such procedure have proved to be chemically stable and exhibited reproducible chromatographic properties and efficiencies identical to those obtained with conventional silane-modified stationary phases [5] . Guillaume et al. reported the separation of warfarin optical isomers on a silica support coated with a β-CD/epichloroydrin polymer [6] .
During the last years, the preparation of CD containing polymers, which combine the complexing ability of CDs and high molecular weight structures, has drawn much attention. Synthetic procedures for CD polymers preparation can be classified into two main categories, which are closely related to the macromolecular feature and consequently to the solubility of the polymers. The first route is to prepare watersoluble polymers with pendant CD units using a covalent binding between CD derivatives and linear polymers bearing reactive groups. Ruebner et al. reported the covalent grafting of mono-6-tosyl-γ-CD and mono-2-carboxymethyl-γ-CD to polyallylamine via amine and amide linkages, respectively [7] . β-CD was attached to a linear polymer backbone such as polyvinylamine, polyvinylimidazole or chitosan [8] [9] [10] . An alternative to this synthetic way consists in using polymerizable CD derivatives. Harada et al. reported the preparation of acryloyl-and N-acrylyl-6-aminocaproyl based CD monomers using a trans-acylation technique and their radical polymerisation to yield water-soluble polymers bearing a CD cavity in the side chains [11] . Sreenivasan described the preparation of a methacryloylcyclodextrin monomer derivative by coupling methyl-β-CD with 2-hydroxyethyl methacrylate using hexamethylene diisocyanate and its subsequent polymerisation giving rise to insoluble polymers having a methylated CD cavity in the side chains [12] . Recently, we reported the synthesis of such polymers by radical copolymerization of N-vinylpyrrolidone with a hydroxypropylated monomer developed by Wacker Chemie GmbH (2-hydroxy-3-methacryloyloxypropyl-β-cyclodextrin, βW7 MAHP) [13] . The crucial point of this approach is to start the polymerisation with a strictly monofunctional CD monomer, as a polyfunctional monomer leads to branched and even non-soluble polymers.
The more popular route is to prepare CD containing polymers by polycondensation. Typically, native CD or modified CD is reacted with a difunctional agent like epichlorohydrin to yield polymers in which the CD cavity is a part of the main chain [14] . Usually, gels are obtained using this approach. Several papers described the use of other cross-linking agents as diepoxypropyl ether, ethylene glycol or maleic anhydride [15] [16] [17] . The major disadvantage of these cross-linked CD polymers is that the immobilization of CD units in a gel network usually leads to a poor selectivity of the inclusion process due to the more rigid conformation of the CD cavity and to the possible additional physical adsorption inside the polymer network via hydrophobic interactions. The domain of application of such materials remains very limited: for instance, they exhibit a very weak adsorption capacity when used as depollution resins in comparison with activated charcoal. Moreover, their weak mechanical stability prevents their use as stationary phase for high-pressure liquid chromatography [18] . Nevertheless, a judicious choice of the coupling conditions between CD and cross-linking agent (mole ratio of cross-linking agent to CD, pH, temperature and reaction time) allows control of the macromolecular structure and of the solubility of the polymer. Renard et al. reported the synthesis of a water-soluble β-CD polymer of high molecular weight containing many tails and bridges resulting from the reaction of epichlorohydrin with CD units [19] . These authors showed that a high NaOH concentration strongly enhances the reactivity of the O-6 position compared to those of O-2 and O-3 positions. Then, the condensation takes place essentially on one side of the CD unit leading mostly to linear structures. Lee et al. reported the synthesis of α-and β-CD polymers from the reaction of native CDs with hexamethylene diisocyanate [20] . The coating of the obtained polymer onto 3-aminopropyltriethoxy functionalised silica allowed the preparation of an HPLC column exhibiting specific complexing properties towards nitrophenol isomers.
Chemical modifications of CD may improve its complexing ability as well as its specificity in complexation. Hydroxypropyl-β-cyclodextrin (HP-β-CD) is a well-known example of modified β-CD having interesting properties. Moreover, the use of HP-β-CD in polycondensation reaction should give rise to a more flexible macromolecular network, as the hydroxyl groups of the propyl arms should exhibit a higher reactivity due to a better accessibility leading to a high diffusion coefficient of solute as well as good accessibility of the CD complexing site.
We report here the preparation of a new stationary phase made by physisorption of a 2-hydroxypropyl-β-CD epichlorohydrin copolymer (Copo 2-HP-β-CD) onto porous silica. The aim of this work is to evaluate the enantioselective properties of this support, using reversed-phase liquid chromatography, in relation with the structure of the polymer. A water-soluble CD containing polymer was first prepared by reacting a 2-HP-β-CD derivative with epichlorohydrin under controlled conditions. The chromatographic columns filled with a modified silica phase obtained by coating Lichrospher Si 100 silica beads with Copo 2-HP-β-CD (Si Copo 2-HP-β-CD) were then tested towards different positional and optical isomers.
Results and discussion

Characterization of Copo 2-HP-β-CD
The titration by tetrazolium blue of the reducing sugar liberated from acidic hydrolysis of CD units contained in Copo 2-HP-β-CD resulted in the determination of the total CD content. However, the value obtained (584 µmol·g -1 ) did not give any information on the accessibility of the CD cavity to potential guests. That is the reason why an additional titration based on the formation of an inclusion complex, using phenolphthalein as the guest, was performed. From this experiment, it appears that only one third of the total CD content (188 µmol·g -1 ) participates in the accommodation of phenolphthalein assuming a complex stoichiometry of 1:1. It has to be noted that this result is only indicative of the cavities accessible to phenolphthalein. Less crowded guests should give higher capacity values. Nevertheless, we concluded that the major part of the complexing sites were more or less embedded inside the polymer network and cannot easily establish an inclusion complex.
Size exclusion chromatography (SEC) evaluation was done using a refractive index (RI) increment value dn/dC of 0.143 mL·g -1 . Fig. 1 shows the evolution of the molar mass (MM) data and of the traces obtained from RI and light-scattering (LS) detectors as a function of the elution volume. Copo 2-HP-β-CD presented a wide MM distribution ranging from approximately 5×10 3 to 20×10 6 g·mol -1 . The RI signal revealed the presence of three polymer fractions whereas the LS signal showed only two fractions. This difference comes from the fact that the LS response is limited to MM higher than about 5 000 g·mol -1 depending on the concentration and on the dn/dC value. The low concentration of the oligomer fraction made of two or three CD units eluted just before the total exclusion volume of the column cannot be accurately detected by the LS technique. Tab. 1 summarises the results obtained from SEC profile analysis. The amount of polymer recovered in the eluted peaks represents more than 98% of the injected sample so that it was concluded that no interaction other than steric occurred. This was confirmed by the linear relationship of the MM logarithmic variation as a function of the elution volume (Fig. 1) . The first fraction excluded from the pores of the gel consisted of macromolecules having very high MM (M w ≈ 3x10 6 ). The main fraction had a very wide distribution (8x10 5 -4x10 3 ) featuring the domain of the column size exclusion. Fig. 2 represents the log-log plot of the root-mean-square radius of gyration as a function of MM for both these polymer fractions. It should be emphasised that the method is limited to <r g 2 > 0.5 values higher than 10 nm so that the calculation for the high elution volume slices cannot be done. However, an accurate signal was obtained over a broad enough range of MM to get a reliable slope value. The estimated slopes were about 0.31 and 0.65 for the first and second eluted fractions, respectively. From these findings, it was concluded that copolycondensation led to the formation of three kinds of macromolecules: (i) a low amount of residual oligomers, (ii) a main fraction of flexible macromolecules adopting a random-coil conformation, and (iii) a low fraction of very large MM polymers having a very compact conformation corresponding to a branched structure. It can be assumed that the latter consisted of microgels (branched structure) resulting from cross-linking reactions that usually occur during stepwise polymerisation close to the gel point. Nevertheless a more careful structural analysis of the polymer, especially by NMR, is needed and is presently under investigation.
Characterization of Si Copo 2-HP-β-CD
The presence of Copo 2-HP-β-CD adsorbed on the silica surface was confirmed by energy dispersion X-ray analysis (EDAX). The spectrum shown in Fig. 3 reveals the presence of a low intensity peak relative to the carbon atom. The amount of adsorbed polymer is 67.9 mg per g of silica as determined by thermal analysis. The specific surface area and the porous specific volume of the silica gel decrease slightly upon coating, respectively, from 344 m 2 ·g -1 and 1.09 mL·g -1 for bare silica to 306 m 2 ·g -1 and 1.00 mL·g -1 . Bare silica Si 100 exhibits a six-peak distribution of the pores with two main populations around 52 and 64 Å. The pore size distribution (Fig. 4) demonstrates that during the coating process all the categories of pores were affected by adsorption. The absolute content of 2-HP-β-CD cavities, determined from the tetrazolium blue method and thermogravimetric analysis results, was estimated to be around 40 µmol of CD per g of support.
HPLC results
The names, structures and chromatographic data for the solutes used to evaluate the enantioselectivity of the Si Copo 2-HP-β-CD column are gathered in Tab. 2. They all possess a polycyclic structure as well as a phenyl group substituent on the chiral carbon atom, but differ by the presence of substituents adjacent to the chiral centre, capable of forming hydrogen bonds. The retention and enantio-separation of these compounds will probably be based on: (i) the inclusion of at least one phenyl group of the solute molecules inside the hydrophobic cavity of the Copo 2-HP-β-CD selector, and (ii) on secondary interactions as hydrogen bonds of the polar groups in the solute with hydroxyls at the entrance of the CD cavity and/or steric effects. In the case of Copo 2-HP-β-CD based chiral selectors, it is probable that the 2-hydroxypropyl groups will allow stereoselective hydrogen bonds with the chiral part of the solutes. For enantiomeric discrimination, the inclusion complex formed for each optical isomer must have different binding energies. As attested by chromatograms shown in Fig. 5a , the use of a classical reversed-phase mode (mixture water/methanol) resulted in good retention but very weak enantio-separation of 3-phenyl-1-indanone enantiomers. This poor chromatographic selectivity of Si Copo 2-HP-β-CD support is assigned to residual silanol groups located on the silica surface. The low polymer mass deposit (67.9 mg·g -1 ) in comparison with traditional polymer-coated silica phases leads to a too weak shielding of the silanol groups that are responsible for non-specific interactions with the polar groups (carbonyl groups) of the solute. In order to confirm the contribution of the silica support surface, a small amount of acetic acid was added into the mobile phase. At low pH (higher protonation of the stationary phase) it was found that the retention decreased and that at the same time the resolution and the symmetry of the peak were improved (Fig. 5b) . In such conditions, 3-phenyl-1-indanone is not expected to undergo ionisation whereas the ionic strength of the mobile phase increases. Acetic acid acts as screening agent limiting the non-enantioselective interactions between the solute and the polymer-free silica surface. The changes in the chromatographic properties in the presence of acetic acid cannot result from an increase of the interactions between the solute and the hydrophobic cavity at low pH, as in this case it would lead to an increase of both retention and resolution [21] . The structural feature of the solutes also plays a role in the recognition mechanism. Chiral recognition requires a sufficiently tight fit between the solute and the CD cavity. The use of a larger solute molecule like 7-methoxyflavanone involves a decrease of the retention time while resolution is weakly affected (Tab. 2). It is likely that the presence of a methoxy group in the 7 position limits the inclusion of the fused aromatic ring inside the CD cavity thus reducing the retention time. The major influence of the phenyl group attached to the chiral centre on the chiral recognition process was demonstrated by the successive injection of 1-indanol and 1,2,3,4-tetrahydro-1-naphtol. These both compounds exhibited strong retention (comparable to 3-phenyl-1-indanone) but were not resolved at all. Earlier chromatographic studies have revealed that the presence of specific groups adjacent to the chiral centre, able to interact specifically with the chiral CD selector, is required for enantioselectivity. Generally, these additional interactions take place between the chiral group of the solute and the hydroxyl groups, which line the mouth of the CD cavity [22] . Here, the recognition mechanism seems to be the result of the formation of an inclusion complex in which both the fused aromatic ring and the phenyl group are included into the CD apolar cavities. This interaction mechanism can be interpreted by the fact that the polymerisation changes the encapsulation properties of CD units. The close vicinity of CD units in macromolecular structure allows the cooperation of two or more CD units for the formation of an inclusion complex with polycyclic solutes. Moreover, the use of the coating method to immobilise Copo 2-HP-β-CD on the silica surface without further cross-linking step ensures a good mobility to CD units which keep their advantageous properties to form specific inclusion complexes. However, exclusively these above aspects cannot interpret the chiral discrimination capability of the Si Copo 2-HP-β-CD support. Obviously, the glyceryl linkages, due to the coupling of 2-HP-β-CD with epichloroydrin, constitute a source of steric, hydrophilic (hydroxyl group) and hydrophobic (alkyl chain) interactions, being able to influence the formation of the inclusion complexes. Fig. 6 shows the separation on Si Copo 2-HP-β-CD support of the enantiomers of warfarin. These optical isomers were better resolved in spite of a lower retention. The change of the methanol-water volume ratio from 30/70 to 15/85 in the mobile phase modified with acetic acid leads to an increase of both retention and resolution. On the contrary, in the case of both 3-phenyl-1-indanone and 7-methoxyflavanone, this change was accompanied by a decrease of resolution due to a broadening of the peaks resulting from a loss of solubility in the high water content mobile phase. Fig. 7 shows the resolution of the warfarin enantiomers vs. the amount of acetic acid added to the mobile phase. Resolution improvement was greatest on going to 0.4%, above which further addition of acetic acid caused only a weak gain of resolution. In the case of 3-phenyl-1-indanone and 7-methoxyflavanone the chiral centre is incorporated into a ring system so that the linkages between the substituents and the chiral centre are rigid. On the contrary, in the case of warfarin, the chiral centre is external to the ring system resulting in flexibility of the chiral centre substituents that may allow a closer interaction with the Copo 2-HP-β-CD selector. The presence of a carbonyl group on the substituent of the chiral carbon atom is also assumed to contribute to the recognition process, via hydrogen bonds with the secondary hydroxyl groups at the entrance of the CD cavity. With the purpose to increase the enantioselectivity of the Si Copo 2-HP-β-CD support, the chemical modification of Copo 2-HP-β-CD before coating is under study. As an example, the incorporation of ammonium groups by reacting Copo 2-HP-β-CD with epoxy derivatives may reinforce the interactions between the silanol groups on the silica surface and Copo 2-HP-β-CD. This would lead simultaneously to an increase of the capacity of 2-HP-β-CD units and to a more efficient shielding of residual silanol groups. 
Experimental part
Materials 2-HP-β-CD provided by Roquette is described as a native β-CD substituted on the O-2 position by 2-hydroxypropyl groups. The degree of substitution is assumed to be equal to 0.5 giving an estimated average molecular weight of 1340. The configuration of 2-hydroxypropyl groups on the CD unit is that of the racemic form. Epichlorohydrin used as the cross-linking agent was purchased from Acros and was used without further purification. Lichrospher Si 100 (Merck), having a mean particle diameter of 10 µm and a mean pore size of 100 nm, was used as the support.
Instrumentation
Characterization of Copo 2-HP-β-CD
The amount of CD cavities was determined from both the titration of reducing sugars with tetrazolium blue [23] and spectrophotometric measurements using phenol-phthalein solutions at pH 10.5 as a probe for inclusion complex formation [24] . Size exclusion chromatography (SEC) experiments were performed on a set-up equipped with a Waters 515 pump and a combination of a multiple angle laser-light scattering (MALLS) detector (Dawn ® DSP, Wyatt Technology Co.) operating at 632.8 nm with a refractometer (Optilab DSP, Wyatt Technology Co). Analysis was done at 25°C with a Superose ® 12 HR 10/30 (Pharmacia Biotech) column in phosphate buffer (0.1 mM, pH 7). The polymer concentration along the chromatogram was determined from the refractive index (RI) output and required the previous measurement of RI variation of Copo 2-HP-β-CD solutions as a function of polymer concentration. This dn/dC value was determined at 25°C using the same interferometric RI detector equipped with a P2L cell. The combination of these two detectors allows the simultaneous determination of absolute molar mass (MM) and polymer concentration in the eluent from the SEC profile using the ASTRA software (Wyatt Technology Co.). Data were collected for each increment of elution volume of about 0.01 mL and the lightscattering intensity was detected at 14 angles comprised between 35.3° and 162.1°. Debye and Zimm [25] [26] [27] originally reported the fundamental theory of light scattering for macromolecular solutions. The simultaneous determination of MM and RMS radius of gyration using the SEC MALLS apparatus gives information about the conformation of the macromolecules in solution. When the slope of the log-log plot of the RMS radius of gyration vs. MM is less than 0.5, it reveals the presence of branched macromolecules (0.33 for a sphere). A slope of 0.5 to 0.6 corresponds to linear random coils, whereas higher slope values are synonym of rod-like macromolecular chains (1 for rods).
Characterization of Si Copo 2-HP-β-CD
The adsorbed polymer mass was determined by thermogravimetric analysis (TGA) using a TGA-51 Shimadzu thermal analysis system. The pore size distribution, the BET specific surface area and the BJH specific porous volume were determined by means of nitrogen adsorption analysis using a Sorptomatic 1990 (Thermoquest). Energy dispersion X-ray analysis (EDAX) was done with a Cambridge Instrument model 600.
HPLC measurements
The liquid chromatographic system used consisted of a L6200A Intelligent Pump (Merck), a Rheodyne model 7125 injector with a 20 µL loop, a L4250 UV-visible variable-wavelength spectrophotometric detector (Merck) and a D2500 ChromatoIntegrator (Merck). The stainless-steel liquid chromatographic column (100mm × 4.6 mm i.d.) was home-packed using a Touzard & Matignon model slurry packer as follows: 1.25 g of silica support was supported in 10 mL of carbon tetrachloride, sonicated for 1 min and packed into the column at 200 bar with dichloromethane. The column was then washed with methanol and methanol/water mixtures before use.
Methods
Synthesis of Copo 2-HP-β-CD
2-HP-β-CD (5 mmol) was dissolved in distilled water (12.5 mL) containing NaOH (6.7 g). The mixture was stirred during 15 min in order to form alcoholate groups and then heated at 60°C. Afterwards, epichloroydrin (40 mmol) was added dropwise to the solution. After complete addition of epichloroydrin, stirring and heating were maintained for 2 h. After cooling to room temperature with stirring, the solution was neutralized with concentrated HCl and diluted to 100 mL. The solution was filtered through a 0.45 µm membrane (HVLP type, Millipore) and purified by ultrafiltration using a membrane with a molecular weight cut-off of 14 kD. The polymer was finally recovered by freeze-drying. Epichlorohydrin was used as a racemic mixture. Consequently, glyceryl bridges linking neighboring CD cavities and glycerol tails resulting from homopolymerization of epichloroydrin do not lead to a specific configuration of the additional chiral centre.
Preparation of Si Copo 2-HP-β-CD
Copo 2-HP-β-CD (0.6 g) was dissolved in distilled water (12 mL). The pH of the solution was adjusted to 7 and Lichrospher Si-100 silica beads were suspended in the solution. The suspension was sonicated under vacuum for 5 min and then gently stirred for 24 h. After filtration through a 0.45-pore-diameter membrane (HVLP type, Millipore) and washing successively with distilled water (200 mL) and distilled methanol (150 mL), the support was dried under vacuum at 60°C overnight.
Conclusion
The above results have shown that a 2-hydroxypropyl-β-cyclodextrin/epichloroydrin copolymer can be used as chiral selector for reversed-phase liquid chromatographic separation of enantiomers. This copolymer, consisting mainly of flexible macromolecules adopting a random-coil conformation, can easily be immobilised on porous silica using the coating procedure in order to prepare a stationary phase. The enantioselective properties of this coated stationary phase follow from the CD cavities but are also strongly dependent on the presence of an acidic modifier in the mobile phase as well as the structure of the chiral center of the enantiomers. In the cases under study, the enantio-separation mechanism appears to be due to the formation of diastereoisomeric inclusion complexes, in which two aromatic rings seem to be simultaneously included inside 2-HP-β-CD cavities with a cooperative effect. This is due to the macromolecular structure of the chiral selector, which provides a high local concentration of CD cavities, and to the flexibility of the polymer chain. Further studies are in progress in order to clarify the mechanism involved to distinguish between enantiomers.
